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Abstract: Whether in art or for QR codes, images have proven to be
both powerful and efficient carriers of information. Spatial light modulators
allow an unprecedented level of control over the generation of optical fields
by using digital holograms. There is no unique way of obtaining a desired
light pattern however, leaving many competing methods for hologram
generation. In this paper, we test six hologram generation techniques
in the creation of a variety of modes as well as a photographic image:
rating the methods according to obtained mode quality and power. All
techniques compensate for a non-uniform mode profile of the input laser
and incorporate amplitude scaling. We find that all methods perform well
and stress the importance of appropriate spatial filtering. We expect these
results to be of interest to those working in the contexts of microscopy,
optical trapping or quantum image creation.
© 2016 Optical Society of America
OCIS codes: (090.1760) Computer holography.; (230.6120) Spatial light modulators;
(140.3300) Laser beam shaping.
References and links
1. D. Gabor, “Microscopy by reconstructed wave-fronts ,” in Vol. 197 of Proceedings of the Royal Society of
London A: Mathematical, Physical and Engineering Sciences, (The Royal Society, 1949), pp. 454–487.
2. M. P. Givens, “Introduction to holography,” Am. J. Phys 35, 1056–1064 (1967).
3. C. Alpmann, C. Scho¨ler, and C. Denz, “Elegant Gaussian beams for enhanced optical manipulation,” Appl. Phys.
Lett. 106, 241102 (2015).
4. J. Varga, A. Solı´s-Prosser, L. Rebo´n, A. Arias, L. Neves, C. Iemmi, and S. Ledesma, “Preparing arbitrary pure
states of spatial qudits with a single phase-only spatial light modulator,” in Vol. 605 of Journal of Physics:
Conference Series, (IOP Publishing, 2015), p. 012035.
5. N. Radwell, G. Walker, and S. Franke-Arnold, “Cold-atom densities of more than 10 12 cm3 in a holographically
shaped dark spontaneous-force optical trap,” Phys. Rev. A 88, 043409 (2013).
6. S. Franke-Arnold, J. Leach, M. J. Padgett, V. E. Lembessis, D. Ellinas, A. J. Wright, J. M. Girkin, P. Ohberg, and
A. S. Arnold, “Optical ferris wheel for ultracold atoms,” Opt. Express 15, 8619–8625 (2007).
7. M. Mestre, F. Diry, B. V. de Lesegno, and L. Pruvost, “Cold atom guidance by a holographically-generated
Laguerre-Gaussian laser mode,” Eur. Phys. J. D 57, 87–94 (2010).
8. G. D. Bruce, J. Mayoh, G. Smirne, L. Torralbo-Campo, and D. Cassettari, “A smooth, holographically generated
ring trap for the investigation of superfluidity in ultracold atoms,” Phys. Scr. 2011, 14008 (2011).
9. A. Nicolas, L. Veissier, L. Giner, E. Giacobino, D. Maxein, and J. Laurat, “A quantum memory for orbital angular
momentum photonic qubits,” Nat. Photon. 8, 234–238 (2014).
10. D.-S. Ding, W. Zhang, Z.-Y. Zhou, S. Shi, G.-Y. Xiang, X.-S. Wang, Y.-K. Jiang, B.-S. Shi, and G.-C. Guo,
“Quantum storage of orbital angular momentum entanglement in an atomic ensemble,” Phys. Rev. Lett. 114,
50502 (2015).
11. L. G. Neto, D. Roberge, and Y. Sheng, “Full-range, continuous, complex modulation by the use of two coupled-
mode liquid-crystal televisions,” Appl. Opt. 35, 4567–4576 (1996).
12. L. Zhu and J. Wang, “Arbitrary manipulation of spatial amplitude and phase using phase-only spatial light mod-
ulators,” Sci. Rep. 4 (2014).
13. J. P. Kirk and A. L. Jones, “Phase-only complex-valued spatial filter,” JOSA 61, 1023–1028 (1971).
14. O. Mendoza-Yero, G. Mı´nguez-Vega, and J. Lancis, “Encoding complex fields by using a phase-only optical
element,” Opt. Lett. 39, 1740–1743 (2014).
15. V. Arrizo´n, “Complex modulation with a twisted-nematic liquid-crystal spatial light modulator: double-pixel
approach,” Opt. Lett. 28, 1359–1361 (2003).
16. C. K. Hsueh and A. A. Sawchuk, “Computer-generated double-phase holograms,” Appl. Optics 17, 3874–3883
(1978).
17. J. Albero, P. Garcı´a-Martı´nez, J. L. Martı´nez, and I. Moreno, “Second order diffractive optical elements in a
spatial light modulator with large phase dynamic range,” Opt. Laser. Eng. 51, 111–115 (2013).
18. A. S. Ostrovsky, C. Rickenstorff-Parrao, and V. Arrizo´n, “Generation of the perfect optical vortex using a liquid-
crystal spatial light modulator,” Opt. Lett. 38, 534–536 (2013).
19. V. Arrizo´n, U. Ruiz, G. Mendez, and A. Apolinar-Iribe, “Zero order synthetic hologram with a sinusoidal phase
carrier for generation of multiple beams,” Opt. Express 17, 2663–2669 (2009).
20. Z. Go¨ro¨cs, G. Erdei, T. Sarkadi, F. Ujhelyi, J. Reme´nyi, P. Koppa, and E. Lorincz, “Hybrid multinary modulation
using a phase modulating spatial light modulator and a low-pass spatial filter,” Opt. Lett. 32, 2336–2338 (2007).
21. T. Sarkadi, A´. Kettinger, and P. Koppa, “Spatial filters for complex wavefront modulation,” Appl. Optics 52,
5449–5454 (2013).
22. R. W. Cohn and M. Liang, “Approximating fully complex spatial modulation with pseudorandom phase-only
modulation,” Appl. Optics 33, 4406–4415 (1994).
23. J. A. Davis, D. M. Cottrell, J. Campos, M. J. Yzuel, and I. Moreno, “Encoding amplitude information onto
phase-only filters,” Appl. Optics 38, 5004–5013 (1999).
24. V. Arrizo´n, U. Ruiz, R. Carrada, and L. A. Gonza´lez, “Pixelated phase computer holograms for the accurate
encoding of scalar complex fields,” J. Opt. Soc. Am. A. 24, 3500–3507 (2007).
25. E. Bolduc, N. Bent, E. Santamato, E. Karimi, and R. W. Boyd, “Exact solution to simultaneous intensity and
phase encryption with a single phase-only hologram,” Opt. Lett. 38, 3546–3549 (2013).
26. T. Ando, Y. Ohtake, N. Matsumoto, T. Inoue, and N. Fukuchi, “Mode purities of Laguerre–Gaussian beams
generated via complex-amplitude modulation using phase-only spatial light modulators,” Opt. Lett. 34, 34–36
(2009).
27. L. Allen and M. J. Padgett, “The Poynting vector in Laguerre–Gaussian beams and the interpretation of their
angular momentum density,” Opt. Commun. 184, 67–71 (2000).
28. N. Radwell, K. J. Mitchell, G. M. Gibson, M. P. Edgar, R. Bowman, and M. J. Padgett, “Single-pixel infrared
and visible microscope,” Optica 1, 285–289 (2014).
29. S. S. Welsh, M. P. Edgar, R. Bowman, P. Jonathan, B. Sun, and M. J. Padgett, “Fast full-color computational
imaging with single-pixel detectors,” Opt. Express 21, 23068–23074 (2013).
30. Q. Huynh-Thu and M. Ghanbari, “Scope of validity of PSNR in image/video quality assessment,” Electron. Lett.
44, 800–801 (2008).
31. R. Liu, F. Li, M. J. Padgett, and D. B. Phillips, “Generalized photon sieves: fine control of complex fields with
simple pinhole arrays,” Optica 2, 1028–1036 (2015).
32. R. Liu, D. B. Phillips, F. Li, M. D. Williams, D. L. Andrews, and M. J. Padgett, “Discrete emitters as a source of
orbital angular momentum,” J. Opt. 17, 45608 (2015).
33. G. D. Love, “Wave-front correction and production of Zernike modes with a liquid-crystal spatial light modula-
tor,” Appl. Optics 36, 1517–1524 (1997).
34. R. W. Bowman, A. J. Wright, and M. J. Padgett, “An SLM-based Shack–Hartmann wavefront sensor for aberra-
tion correction in optical tweezers,” J. Opt. 12, 124004 (2010).
1. Introduction
Light has been manipulated to solve a vast range of problems throughout history. In the past
such control was largely achieved with static optics: lenses, prisms, apertures and mirrors in
particular; and while these have an incredible range of application, producing completely arbi-
trary optical fields requires much finer control. As a first step, one can gain control of the shape
of a beam through careful sculpting of the light amplitude: an idea that pioneered the technique
of holography [1, 2], where amplitude masks can be used to reproduce a ‘writing’ laser beam.
Although eminently useful, such generation was restricted to pre-determined beam designs.
It was the advent of spatial light modulators (SLMs) which made the breakthrough to arbi-
trary beam generation, allowing flexible beam shaping in a wide range of applications including
optical tweezers [3], quantum information [4], coherence tuning, atom trapping [5–8] and stor-
age [9, 10] amongst others.
Light, by nature, is intrinsically complex, and to gain full control of a light field one must be
able to arbitrarily specify both the phase and amplitude profile. SLMs allow full spatial control
over the phase directly, but amplitude control must be achieved indirectly. For instance one can
use two SLMs in series to create any arbitrary field by exploiting polarisation optics to convert
phase to amplitude information [11, 12] and there are more advanced techniques, which can
manipulate the amplitude and phase with only a single phase-only SLM [13–22].
Here, we concentrate on deterministic methods based on single-pass, digital holograms, aim-
ing for the highest possible accuracy in field reconstruction. These techniques rely on the use
of phase gratings, which deflect a tunable portion of the light away from straight reflection.
Therefore, simply by modifying the grating depth and by spatially selecting the first-order de-
flection, precise amplitude control can be achieved, independently of the phase control. This
also significantly improves the mode purity, by spatially decoupling the shaped and unshaped
light.
There is no unique way to completely control both the amplitude and phase of a field using
phase-only holograms and as such, there have been many techniques suggested in the litera-
ture throughout the years [13, 23–25]. In this paper we test several of these methods, under
the same conditions, both numerically and experimentally, in order to elucidate each of their
strengths and weaknesses. We note that a previous study [26] compared some of these methods
in the specific case of a single Laguerre-Gauss mode. Here, we generate a range of beams to
cover likely applications, including fundamental Gaussians, Laguerre-Gaussian (LG) modes,
ring lattices and photographic images, and investigate the relative beam quality achieved by six
different techniques.
The paper starts with an introduction to the different hologram generation methods under dis-
cussion. We will then introduce the theoretical framework for phase-only hologram generation
and use it to make initial predictions before describing the experimental set-up and procedure.
The results will then be discussed and the generation methods will be assessed against two sep-
arate criteria in order that the reader may choose the technique best suited to their application.
We conclude by analysing some of the challenges arising from real laboratory experiments.
2. Hologram generation
We wish to use a phase-only hologram H = H(x,y) to generate a desired field Edes(x,y) =
Ades(x,y)exp(iΦdes(x,y)) from an input field Ein(x,y) = Ain(x,y)exp(iΦin(x,y)). Imposing that
the desired field after the SLM should be spatially separated from the zeroth-order reflection to
maximise the field purity, then:
Ein(x,y)eik
′
in·rˆ× eiH(x,y) = Edes(x,y)eikdes·rˆ (1)
where rˆ= (xˆ, yˆ, zˆ) and k′in and kdes are the wavevectors of the input and desired beam respec-
tively when considering the SLM in a transmissive picture with angle of incidence θ = 0 ( see
inset of Fig. 1 ). The effect of the hologram, ignoring a uniform attenuation caused by reflection
of the beam on the SLM surface, then follows as:
eiH(x,y) =
Edes(x,y)
Ein(x,y)
ei(kdes−k
′
in)·rˆ
= Arel(x,y)eiΦrelg(x,y) (2)
where the relative field amplitude Arel(x,y) = Ades(x,y)/Ain(x,y) and total relative phase
Φrelg(x,y) = Φdes(x,y)−Φin(x,y) + (kdes−k′in) · rˆ lie in the intervals [0,1] and [−pi,pi] re-
spectively and we are assuming a small angle between kdes and k′in. In our setup, the spatial
offset is achieved by applying a phase grating Φg(x,y) of the form
Φg(x,y) = Mod(
2pix
Λ
,2pi), (3)
where the Λ= 2pi/(kdes−k′in) is the grating period which in our experiments and simulations
were taken to be Λ= 4 pixels.
The most naı¨ve approach to generating an input-corrected hologram would then simply be to
imprint the relative phase i.e.
H(x,y) =Φrelg(x,y). (4)
Although this approach generates a beam with the desired phase and spatial offset, the intensity
profile remains that of the input beam, with dark areas developing only after propagation around
the position of phase discontinuities (steps, vortices etc.), as shown in Fig. 2(b).
Eq. (2) however, confirms that amplitude modulation is necessary and this can be introduced
by modulating the depth of the total phase profile,Φrelg(x,y) =Φdes(x,y)−Φin(x,y)+Φg(x,y),
with a function f (A(x,y)). Spatially lowering the grating height degrades the diffraction effi-
ciency, and thus by intelligent choice of the function f (A(x,y)), the diffracted intensity in the
first order can be manipulated for full beam shaping. This typically results in holograms H(x,y)
of the form
H(x,y) = f (A(x,y))Φrelg(x,y). (5)
There are many methods for generating holograms of this form and although analytical solu-
tions may appear to be exact we note that various experimental effects, including spatial filtering
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Fig. 1. A fibre-coupled 776 nm laser (with 4.9 µm 1/e2 mode field diameter) is first ex-
panded to a waist of 4.65 mm before illuminating the centre of the SLM, where the inset
highlights the axes and wavevectors of interest. The output beam is then Fourier filtered
before being imaged at one of three propagation distances.
(a) (b)
Fig. 2. (a) Desired intensity of a Laguerre-Gaussian superposition mode. (b) Experimen-
tally realised intensity after propagation by 1 Rayleigh range when only the phase is con-
trolled.
and SLM pixelation, render all methods imperfect. A numerical and experimental comparison
of a selection of such methods are therefore outlined below.
2.1. Method A
The first method we consider is designed as a benchmark where we simply scale the relative
phase hologram by the relative amplitude at each point i.e.
H(x,y) = Arel(x,y)Φrelg(x,y). (6)
For a grating depth of 2pi , theoretically all light can be diffracted into the first order, but as the
grating depth decreases, light is removed from the first order and appears in the zeroth order. In
this way, the scaling function f (A(x,y)) = Arel(x,y) is used to encode the relative amplitude of
the desired and input fields. This naı¨ve approach assumes a direct linear relationship between
grating depth and amplitude, which although incorrect, produces surprisingly good light modes,
and the technique is widely used, often even without taking into account the spatial shape of
the input beam.
2.2. Method B
The next method we consider takes its inspiration from techniques used when holography was
first introduced by Gabor in 1947. Traditional holographic methods record the scattered light
from an object by interfering the light with a coherent reference beam on a fine-grained pho-
tographic film [2]. Once developed, the film’s transparency is related to the intensity of the
interference pattern at every given point, such that subsequent illumination of the developed
film with the reference beam produces a reconstruction of the light scattered from the object. A
similar method can be used in the context of SLMs. In this case however, the phase information
in the interference pattern is used as the hologram, rather than the intensity information. The
hologram is then calculated by taking the argument of the complex superposition, such that
H(x,y) = arg
(
NEdg(x,y)+Ein(x,y)
)
(7)
where Edg(x,y) =Ades(x,y)ei(Φdes(x,y)+Φg(x,y)) and N is a normalisation factor to ensure Edg(x,y)
never exceeds Ein(x,y). It should be noted that this hologram encodes both phase and amplitude
information as it sums the fields before taking the argument.
2.3. Method C
Along the same lines as method A, a more rigorous hologram generation technique was put
forward by Davis et al. [23]. Fourier analysis of a phase grating shows that the amplitude of the
light diffracted into the first order is given by
A= ei(1− f (A(x,y)))pi sinc[pi(1− f (A(x,y)))] (8)
where we use the standard definition: sinc(w) = sin(w)/w. Omitting the exponential term, nu-
merical inversion of Eq. (8) then gives
f (A(x,y)) = 1− 1
pi
sinc−1 (A) (9)
where f (A(x,y)) is the amplitude modulation defined in Eq. (5) and sinc−1 denotes the appro-
priate inverse function defined on [0,pi] thereby scaling the amplitude between 0 and 1. Using
Eq. (5) gives
H(x,y) =
(
1− 1
pi
sinc−1 (Arel(x,y))
)
Φrelg(x,y). (10)
2.4. Method D
Later work carried out by Bolduc et al. [25] however, points out that the phase term in Eq. (8)
may also have an effect on the generated field, adding an unwanted amplitude dependent term
to the phase profile. They suggest that an improved technique would include a correction for
this and therefore propose a hologram given by
H(x,y) =M
(
Φrelg(x,y)−piM
)
, where (11)
M = 1+
1
pi
sinc−1 (Arel(x,y)) . (12)
2.5. Method E
Anotherl approach to generating holograms was proposed by Arrizo`n et al. [24] where the au-
thors show that holograms of forms other than H(x,y) = f (A(x,y))Φrelg(x,y) are also possible.
One technique they suggest is based on a hologram of the form
H(x,y) =Φrelg(x,y)+ f (Arel(x,y))sin(Φrelg(x,y)). (13)
They show that, in order to create the desired output field in the first order of the diffraction
pattern, f (Arel(x,y)) must be obtained from
J0[ f (Arel(x,y))] = Arel(x,y) (14)
where J0 is the zero-order Bessel function and f (Arel(x,y)) can be recovered by numerical
inversion.
2.6. Method F
Arrizo`n et al. [24] also considered holograms of the form
H(x,y) = f (Arel(x,y))sin(Φrelg(x,y)) (15)
where f (Arel(x,y)) must be obtained from
J1[ f (Arel(x,y))] = aArel(x,y). (16)
Here a is a constant between 0 and 0.5819, the maximum of the first order Bessel function J1(x).
The authors suggest that a particular strength of this hologram is that it can be implemented on
an SLM with reduced phase range.
Fig. 3. (a) Intensity and phase (inset) of the input Gaussian beam. (b) Intensity and phase
(inset) of the desired beam (here shown for an ’optical Ferris wheel’ beam). (c) Hologram
generated using method A, where the 8-bit greyscale is converted to phase by the SLM.
(d) Intensity and phase (inset) of the beam generated by the input beam in (a) and the
hologram in (c). The phase insets use phase ranges from−pi to pi periodically (red to red on
a standard colour wheel). (e) Numerical evalution of the mode quality for the six different
hologram generation methods, shown for imaging plane (0.0zR) and further propagation by
half (0.5zR) and a full Rayleigh range (1.0zR).
3. Numerical model
To assess the methods outlined above we define a set of test beams including 3 modes based
on Laguerre-Gauss (LG) [27] modes and their superpositions and 1 photographic image. LG
modes contain optical vortices associated with dark regions in amplitude and a winding in
phase. They are characterised by two parameters, a winding number ` and a radial order p,
however for this investigation we restrict ourselves to modes with p= 0 and define a Laguerre-
Gaussian mode of order ` to be LG`.
Within this set we have chosen three test beams: a simple fundamental Gaussian LG0, a single
Laguerre-Gaussian mode of moderate order (LG10) and a spatially intricate superposition of LG
modes |LG3 +αLG11|2; α = | 113 |
1
4 , known as an optical Ferris wheel [6]. A final test is made
with a non-propagating field shape: a scene of an appropriately named ‘Laser class’ sailboat.
In our simulations, we use the LabVIEW development environment to both generate the
holograms and to predict the resulting intensity and phase profiles after spatial filtering and
propagation. We begin by defining the input beam Ein(x,y) and the desired beam Edes(x,y)(as
shown in Figs. 3(a) and 3(b) respectively) and use these to calculate H(x,y) according to the
methods outlined above (see Fig. 3(c) for an example hologram). The output field is then given
by applying the hologram phase to the input field such that:
Eout(x,y) = Ein(x,y)eiH(x,y). (17)
As discussed, our desired beam is produced in the first diffracted order of the grating which
has to be separated from the rest of the field. This is achieved by spatially filtering the beam
in the far field, where the diffraction orders are well separated. Numerically, we model this by
taking the Fourier transform of Eout(x,y) and multiplying the resulting field by a circular mask
(set to 1 mm diameter for these results), setting all of the values outside the circular region to
zero. The exact size of this filter plays a significant role in the beam quality and is discussed
in more depth in the final section on experimental details. Using an inverse Fourier transform
on the filtered data then gives the amplitude and phase of the new light field at the imaging
plane of the SLM, as shown for method A in Fig. 3(d). We note that after the selection of the
first order, we subtract the grating phase from the field in order to remove the associated tilt,
A B C D E FDesired
Fig. 4. An overview of the measured beam intensities for an optical Ferris wheel shaped
according to each hologram generation method (horizontal) and propagation distance (ver-
tical) respectively. The first row shows the simulated prediction for each method and the
first column indicates the desired field intensity for 0.0, 0.5 and 1.0 Rayleigh ranges.
where of course in practice the selected order will continue to propagate at an angle to the pure
reflection.
Using this model, we predict the intensity profile of the light at the imaging plane of the SLM
as well as for propagation of 0.5 and 1.0 Rayleigh ranges, for methods A-F. These predictions
are then compared to the intensity of the desired mode using the peak signal-to-noise ratio
(PSNR) (as described in the results section) as a beam quality metric. The results are plotted in
Fig. 3(e) we infer that all of the methods, with the significant exception of method E, should
produce reasonable results. Method F in particular, somewhat surprisingly, should give the
best results for all propagation distances by approximately 10dB, with method C predicted to
yield the next best overall results. Additionally, we see that method D’s performance should
deteriorate steeply after half a Rayleigh range of propagation and yet maintain the same beam
quality after a full Rayleigh range. Finally, we note that naı¨ve amplitude scaling, method A, is
predicted to do quite well, very slightly outperforming method C outside of the imaging plane.
We next test these predictions in experiment.
4. Experimental setup
The experimental setup is shown in Fig. 1. The light (generated from a 776 nm Toptica DL100)
passes through a single-mode fibre, to spatially filter the beam, before passing through a beam
expanding telescope which increases the beam waist to 4.65 mm. The beam is then reflected
off an SLM (Hamamatsu LCOS X13138-01 ) at approximately three degrees before it prop-
agates through a final telescope. In the Fourier plane of this telescope we filter the first order
with an aperture set to a diameter of ∼ 1 mm. The intensity patterns are then recorded on a
camera (Point Gray Chameleon CMLN-13S2M-CS) at the image plane of the SLM, followed
by measurements 0.5 and 1.0 Rayleigh ranges away from this image plane.
Desired
Fig. 5. An overview of the measured beam intensities for a fundamental Gaussian, an LG10
and an arbitrary image according to each hologram generation method. The first column
indicates the desired pattern, the first and middle row show the measured beam after one
Rayleigh range of propagation and the bottom row shows an arbitrary scene in the image
plane of the SLM.
4.1. Input intensity measurement
Amplitude modulation relies on an accurate knowledge of the input profile, which in most
experiments will be a Gaussian, large enough to provide adequate power over the appropriate
hologram region. Beam quality (as measured by PSNR) decreases considerably if instead a
plane wave input field is assumed. A cursory simulation shows that assuming a plane wave leads
to a loss of as much as 10dB of image quality (as discussed in the final section). The easiest way
of measuring an incoming beam’s intensity profile would be to take an image with a camera,
positioned at the exact location of the SLM - however this is experimentally inconvenient and
requires rescaling and thorough alignment. To avoid these issues a more general and, as far as
the authors are aware, original method was used.
Single-pixel imaging techniques [28, 29] effectively turn the SLM into an in situ camera,
giving an image of the input beam which has perfect pixel registration and scaling, however at
the cost of resolution. A sequence of patterned masks are displayed, such that each mask blocks
a particular spatial region of the input field and the remaining light is measured with a power
meter. By using an orthogonal set of masks, namely the Hadamard set, full spatial information
of the intensity field can be recovered, with N2 measurements required to reconstruct an image
with N×N resolution. We use this method to record an image with 32×32 resolution and use
bicubic interpolation to expand this up to the 600× 600 resolution of the SLM. This image is
then used as the input intensity profile for all future hologram generation.
5. Results
The hologram generation methods are tested by displaying each hologram consecutively and
recording the obtained intensity patterns in three different planes as described in the experimen-
tal set-up section. Figure 4 shows a full set of images for the Ferris wheel beam, including the
simulation of the intensity in the image plane in the top row as well as the measured intensity
pattern in the image plane of the SLM (second row), after propagating half a Rayleigh range
(285 mm, third row) and after propagating a full Rayleigh range (569 mm, bottom row). These
are all intensity measurements however the propagation images reveal the accuracy of the phase
reproduction as any phase imperfections will result in a deviation from the desired mode. Sim-
ilar measurements have been taken for the Gaussian beam (LG0), the Laguerre-Gaussian beam
(LG10) and the photograph; a subset of which are shown in Fig. 5.
We perform a quantitative analysis of the generation methods by assessing them against two
criteria: the accuracy of the beam generation and the distribution of power.
5.1. Beam generation accuracy
To measure the accuracy of each method we compare the generated intensity with the desired
beam. The methods should be able to accurately reproduce both intensity and phase, and while
we do not measure the phase profiles directly, the intensity measurements after propagation
indicate the accuracy of the phase. For the laser modes we perform a 2D fit of the intensity
data with the relevant function (|LG0|2, |LG10|2 or |LG3 +αLG11|2), specifying the waist and
setting the centre position, offset, rotational phase and amplitude as free parameters. For the
photograph, we instead use the Mathematica IMAGEALIGN function to scale and align the
reference image with the intensity data.
The intensity data is then compared to the fitted function by employing the Peak Signal-to-
Noise Ratio (PSNR) as a quality metric [30]. The PSNR is a well-established metric, originally
employed by signal engineers and later maintained as a tool to quantify the quality of recon-
struction of lossy compression codecs. We note that, in order to compare the different results,
the data has to be normalised with respect to each other and as such, the background (taken
from the numerical fits) was first subtracted before normalising the data. The normalisation
was accomplished by dividing each image by its corresponding fitted amplitude and rescaling
the data and fit such that each fit has the same maximum value. The data however was allowed
to go outside the boundaries of the fit.
We then employ the PSNR quality metric, which is based on the mean square error (MSE)
given by:
MSE =
1
mn
m−1
∑
i=0
n−1
∑
j=0
[I(i, j)−K(i, j)]2 (18)
where I is the perfect m by n monochrome reference image and K is the approximation under
study. This allows us to define the PSNR per decibel:
PSNR= 10log10
(
MAX2I
MSE
)
(19)
where MAXI is the maximum value of I. We apply this metric to the data for each generation
method, desired image and propagation distance, see Fig. 6.
5.2. Distribution of power
In many applications one is not only concerned with the spatial mode quality, but requires as
much power as possible. Our second assessment criteria is therefore to find how much power
there is in the desired mode for each method. We first measure the total power at the output
compared to the total power impinging on the SLM, which gives the total efficiency. We define
the ’mode efficiency’ as the fraction of this power which contains our desired mode, determined
by calculating the projection of our generated mode onto our desired mode (details can be found
in Section 3A of [31]). Using the Ferris wheel as our test beam, the results are illustrated in Fig.
7.
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Fig. 6. An estimation of the constructed field quality, as determined by the peak signal-to-
noise ratio for the three propagating modes and the arbitrary pattern.
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Fig. 7. The variation in mode efficiency across the different hologram generation methods,
as measured for different propagation distances of an optical Ferris wheel. The total power
after the spatial filter for each method is scaled by the associated cross-correlation between
each mode and its fit, before being expressed as a percentage of the measured input power
of 26.4 mW.
6. Discussion
We begin by considering the ability for each of the methods to produce an accurate represen-
tation of the intensity of the desired modes. Inspection of Fig. 6 reveals that methods A-D and
F perform well in general, with only method E showing a clear dip in quality. We attribute
this deviation to a high sensitivity to small imperfections in the input phase, which we assume
to be flat. This is perhaps natural as the method does not modulate the depth of the grating,
instead relying on interference to achieve intensity modulation, and therefore shows increased
sensitivity to phase.
Taking a closer look at the creation of the Ferris wheel mode (top of Fig. 6) we can see that
in general the mode is best in the image plane and the quality degrades slightly as it prop-
agates, showing a small deviation from the desired phase. Looking at specific methods, the
absolute best performance is achieved by methods C and D, very closely followed by method
A. The strong performance of methods C and D is not surprising, however our naı¨ve bench-
mark, method A, performs extremely well for all propagation distances. Method B is a little
less accurate in the image plane, but seems to be more robust to propagation; with method F
also propagating well, indicating an accurate generation of the phase profile.
Turning to the LG10 mode generation (second row of Fig. 6) we once again see that all meth-
ods except for method E perform similarly well. Once again method A performs surprisingly
well, with the other methods very close behind. The Gaussian mode generation again shows
similar results (third row of Fig. 6). Turning finally to the recreation of the boat (bottom row of
Fig. 6) we see methods A,C and D performing well with the other methods falling close behind,
with a range of only 5 dB. We note in particular that the relatively poor performance of method
B here seems to arise from a sensitivity to our aberration correction, which can be seen by the
presence of an overall cylindrical lens pattern (see Fig. 5 bottom row).
We next consider the power in the desired mode. The mode efficiencies of the six hologram
generation methods are shown in Fig. 7 and we see that method E contains the most power
with more than 35% of the input power, while the other methods all contain between 12% and
18%. It should be noted that these numbers are specific to the exact input beam and desired
mode, with an upper limit being placed on the mode efficiency equal to the projection of the
input beam onto the output mode, which in this case is 53%. These numbers can therefore be
increased by appropriate tuning of the input and output modes to optimise overlap.
From this analysis we can draw several conclusions; for the generation of laser modes, if
beam accuracy is your primary concern, methods C and D perform very well. Surprisingly
however, these methods do not significantly outperform our naı¨ve method A. While this result
may be specific to the modes chosen here, this is a significant result particularly in applications
where hologram generation has to be performed quickly, as method A does not involve the
numerical inversion present for methods C and D.
If one cares primarily about the power present in the desired mode then method E is the
clear winner, however this comes at the cost of significant loss in beam quality. For small, but
significant gains in power, method A may also be of interest.
7. Experimental details
In addition to the various different generation methods, the experimental implementation also
plays an important role. In this section we discuss the relevance of choosing the correct aperture
size, aberration corrections and maximal mode overlap.
7.1. Mode quality and power with aperture size
All of the generation methods presented rely on spatially filtering the desired mode in the first
order diffracted spot. Whereas other beam shaping techniques explicitly rely on the use of
apertures [32], we simply wish to remove all of the unwanted parts of the field. We find that the
exact size of this spatial filter has a significant impact on the quality of the mode and we use
our numerical simulation to investigate this effect more rigourously.
We generate a hologram for the Ferris wheel mode using method A and monitor the beam
quality as we increase the size of our spatial filter. The results are plotted in Fig. 8(a) and
here we see that where the aperture is not cutting the beam (contrary to the first data point), a
lower filter radius can significantly improve the mode quality. Additionally, we see that under
the same conditions there is an associated pseudo-linear decrease in power, but with a very
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Fig. 8. (a) The Ferris wheel PSNR and total power as the size of the spatial filter is adjusted,
where the red bars highlight the data points that have been visualised in (c). (b) The full
far- and near-field intensity profiles associated with filter size 0.6 mm where the red dashed
box indicates the sub-region used in the left column of (c). (c) Far- and near-field intensity
profiles associated with the filter sizes marked in pink in (a), with the filter boundary marked
with a white circle
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Fig. 9. The intensity profile of the beam taken at the focus of a 750 mm focal length lens for
(a) the beam before the SLM and (b) the beam after the SLM. (c) shows the beam after the
SLM when a cylindrical lens of focal length 11 m at an angle of 96 degrees to the vertical
is added to the hologram.
shallow gradient. In most situations therefore, we would assume that the quality gain justifies
the small loss in power. For illustration, we also visualize the full Fourier plane ( Fig. 8(b) ) and
a subection of the Fourier plane including the spatial filter size with respect to the first order
(Fig. 8(c). The resulting intensity patterns are also displayed in the right hand column of Figs.
8(b) and 8(c).
7.2. Aberration correction
A perfect SLM would have an optically flat front surface. In reality however, small surface
imperfections lead to an astigmatic output beam, even when the SLM is switched off. The effect
of this is most pronounced in the far field and is therefore easily observable at the focus of a
lens. In general, this astigmatism can be corrected by first characterising these astigmatisms
using typically a Zernike mode decomposition and then correcting for these by applying the
appropriate inverse phase [33,34]. Here however we find that the introduced astigmatism is very
well approximated by a cylindrical lens and can be corrected by incorporating an appropriate
cylindrical lens into the holograms. To demonstrate the astigmatism introduced by the SLM we
have deflected a Gaussian input beam via a uniform grating displayed across the whole SLM.
Applying the cylindrical lens phase correction to the SLM removes most of the aberrations, as
shown in Fig. 9.
7.3. Limited beam overlap
We have stated previously that producing an accurate Eout(x,y) requires knowledge of Ein(x,y).
Methods (A-D and F) modulate the grating in order to remove power where it is not wanted. As
a consequence, on a pixel by pixel basis, the desired beam amplitude cannot exceed the input
beam amplitude. If perfect beam accuracy is desired then this forces the output beam to be
scaled in intensity such that Eout(x,y) never exceeds Ein(x,y) at any position, thereby limiting
the amount of light in the output mode. For high power applications this is undesired and we
therefore propose a method which can increase the output power at the expense of some beam
accuracy. This can be achieved by misrepresenting the form of Ein(x,y) used for the calculation
of the relative field.
The peak value of the relative field and therefore the output power is limited by the low
amplitude regions of Ein(x,y). Therefore if these low amplitude values are removed, by setting
all values below a particular threshold to the threshold value, the total power in the output mode
will increase. This however misrepresents the input beam and therefore reduces the accuracy of
the mode generation, as is shown in Fig. 10. It should be noted that the data shown previously
in this paper was taken with a threshold level of 0.01, i.e. 1%, serving only to remove the effects
of the noise associated with our intensity measurement.
Fig. 10 clearly shows two regimes; a stable region for a threshold value below 0.2 and a tran-
sition to a scaling region beyond. This transition point depends on the relative size of Ein(x,y)
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Fig. 10. (a) The PSNR and associated beam power of the simulated Ferris wheels with
respect to the intensity threshold level. Four key threshold levels are highlighted by a red
bar, corresponding to the images in (b). (b) 2D intensity profiles and central cross sections
of the assumed input beam (grey) and the generated beam (blue).
and Edes(x,y) and can be understood to occur when Edes(x,y) begins to overlap with the thresh-
olded region (flat parts in the top row of Fig. 10(b)). In the latter region we see that it is possible
to trade beam generation accuracy for more power.
8. Conclusions
We have tested six different methods of digital hologram generation and find that all are capa-
ble of producing high quality beams. Experimental testing of each method’s ability to generate
a Gaussian mode, LG modes and an arbitrary image reveals the strengths of each particular
method; we find that method A, though the simplest and most naı¨ve performs extremely well in
all tests and would be well suited to applications requiring fast calculations of holograms. Meth-
ods B, C and D all perform very well across all tests with C and D having a slight advantage
in the generation of arbitrary images. Method E, while producing a low quality mode, provides
the most power and method F performs well and requires a reduced phase range, making it
useful for low-cost SLMs.
In addition we have stressed the importance of accounting for the form of the input beam
and introduced a new way of detecting this in situ. We also find that the intensity profile of the
input beam can place restrictions on the output power when the desired beam is large and have
introduced and demonstrated a method to increase the output power at the expense of beam
generation accuracy. Finally we have shown that the spatial filter size plays a crucial role in
the beam generation accuracy and have shown that optimal filtering can achieve an increase in
beam generation accuracy without significant loss of power.
We believe that these results will be useful across the many applications which rely on digital
holograms, including optical trapping, atomic potential shaping, microscopy and beyond.
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